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Two-dimensional (2D) layered materials offer intriguing possibilities for novel physics and appli-
cations. Before any attempt at exploring the materials space in a systematic fashion, or combining
insights from theory, computation and experiment, a formal description of information about an
assembly of arbitrary composition is required. Here, we introduce a domain-generic notation that
is used to describe the space of 2D layered materials from monolayers to twisted assemblies of
arbitrary composition, existent or not-yet-fabricated. The notation corresponds to a theoretical
materials concept of stepwise assembly of layered structures using a sequence of rotation, vertical
stacking, and other operations on individual 2D layers. Its scope is demonstrated with a number of
example structures using common single-layer materials as building blocks. This work overall aims
to contribute to the systematic codification, capture and transfer of materials knowledge in the area
of 2D layered materials.
Two-dimensional (2D) materials are an intriguing class
of modern nanoscale materials which exploit physics that
cannot be derived by scaling down the associated bulk
structures and phenomena. As an example, we mention
the transition from indirect to direct band gap in the
semiconductor MoS2 observed as a function of the num-
ber of stacked layers. Single-layer forms of these materi-
als constitute nanoscopic building blocks for 2D layered
assemblies [1, 2]. Conversely, it is useful to view lay-
ered assemblies as a series of conventional crystals with
weak but significant interactions between individual lay-
ers. The possibility to fabricate 2D architectures with de-
sired combination of layers has posed fundamental ques-
tions about the properties of layered assemblies. A signif-
icant body of recent materials research has focused on the
properties of single- and few-layer forms of 2D materials,
including superconductivity in twisted bilayer graphene
[3–8].
Combining the properties of 2D layers opens up almost
unlimited possibilities for novel devices with tailor-made
electronic, optical, magnetic, thermal and mechanical
properties and couplings among elemental excitations.
However, even with a small set of building blocks and
number of layers the design space of 2D layered assem-
blies becomes enormous when structural features such
as the relative orientation of the layers becomes impor-
tant. Theory, simulation, and intelligent algorithms for
automating the design and analysis of computational ex-
periments can guide the search [9–11]. While currently
such an exploration in the lab is limited by the time
required to fabricate a layered assembly, the paradigm
of virtual high-throughput screening constitutes a viable
approach to materials design. Specifically for the pro-
totypical graphene, this modality of in silico materials
discovery has been enabled by the recent development
and use of electronic structure methods for the detailed
investigation of the atomistic and electronic properties of
its layered assemblies [3, 6, 7, 12, 13]. Combining inter-
operable data and information from physical and virtual
experiments is expected to expedite the search.
The systematic creation, sharing and use of materials
knowledge relies on devising protocols for efficient codifi-
cation of materials information, in this case information
about an assembly of arbitrary composition. The first
step in this direction is to be able to name it, which re-
quires a system for broadly applicable (domain-general)
notation for the most trivial or the most complicated lay-
ered assemblies, existent or not-yet-fabricated. Despite
the maturity of chemical language and notation such as
SMILES and SMARTS for representing chemical com-
pounds [14, 15], these cannot describe critical features of
a layered assembly such as the twist angle between two
neighboring layers. In the computational work of Bass-
man et al. 2D layered assemblies were represented by
strings with length equal to the number of layers based on
an alphabet representing single-layer materials as distinct
symbols (eg. ‘MoS2’) [10]. Although tailored for layered
assemblies, such description does not capture defining
structural elements either.
Moreover, rather arbitrary abbreviations have been
used in the literature to describe the most studied of
layered assemblies: for example, abbreviations such as
‘TBG’ and ‘ATMG’, are often used to describe assem-
blies of two layers of graphene in which one layer is
rotated with respect to the other (or a ‘twisted Bi-
layer Graphene’) [3], and assemblies in which the rela-
tive twists between two neighboring layers have the same
magnitude but alter in sign (or ‘Alternating-Twist Multi-
layer Graphene‘) [16], respectively. These are ambiguous
with respect to the exact twist angle or the significance
of it as a control parameter. In some cases, multiple ab-
breviations have been used interchangeably for the same
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2material, for example, ‘TBG’ with ‘tBLG’.
Here, we introduce a domain-general materials nota-
tion designed for identifying arbitrary 2D layered assem-
blies and composition patterns. The manuscript is orga-
nized as follows: in Section I we describe the grammar
underlying the notation. Section II demonstrates the no-
tation using common single-layer materials as building
blocks. Section III briefly discusses aspects of implemen-
tation, including first-principles calculations using a local
description of bonding in terms of maximally localized
Wannier orbitals.
I. DEFINITIONS
The notation corresponds to a theoretical materials
concept for stepwise assembly of layered structures using
a sequence of rotation, vertical stacking, and other oper-
ations on individual 2D layers (Figure 1). Each layered
assembly is treated as a design, which is described by a
string that codifies the sequence of these operations. To
that end, we define a context-free grammar for infix ex-
pressions to generate a language that describes the space
of 2D layered materials. We use a set of production rules
for replacements that closely correspond to said opera-
tions in order to define the grammar:
1. S → S / S
2. S → S @ θ
3. S → S > a, b
4. S → S # a, b
5. S → (S)
6. S → m
and S as the start symbol, where θ ∈ R denotes an an-
gle, (a, b) ∈ R2 denotes a 2D vector, and m are symbols
corresponding to individual layers (or building blocks) in
a materials library, for example:
• m→ h-BN with ‘h-BN’ the symbol for a monolayer
of the insulator hexagonal boron nitride,
• m→G for a monolayer of the semi-metal graphene,
• m → G1 | G2 | G3 for enumeration of an indexed
materials library with three graphene flakes,
• m→ 2H-MoS2 for a monolayer of the 2H phase of
the semiconductor molybdenum disulfide.
A library of atomically thin metal chalcogenides is pre-
sented in Zhou et al. [17] The interpretation of m gener-
ally depends on context and it can describe the material,
for example, as:
• a crystal defined by a space group and basis,
• an atomistic model defined by the type and position
of atoms,
• an exfoliated flake defined as a convex hull of a set
of 2D points, or
FIG. 1. Atomistic representation of a model twisted 2D lay-
ered assembly.
• a broad class that consists of stoichiometric and de-
fected structures, extended structural models and
experimentally relevant finite flakes.
Table I describes basic binary operations that corre-
spond to operations on a layer or layered (sub)structure.
All operations assume the same (absolute) coordinate
system. Unless otherwise stated, a Cartesian coordinate
system is assumed, as well as A˚ (1 A˚ = 10−10 m) and
degrees (360◦ = 2pi) as units for expressing translation
vectors and rotation angles, respectively.
The syntax can be readily revised to explicitly assign
the lowest precedence to the vertical stacking operation
and the highest to the evaluation of parentheses, which
we assume hereafter. Moreover, the grammar can be ex-
tended to describe layered (sub)structures more concisely
using the form n * m, where ‘*’ corresponds to an op-
erator of high precedence that represents a sequence of
n ∈ N+ stacking operations on the same material m. A
stitching operator ‘‖’ can be introduced for the in-plane
stitching of a layer or layered (sub)structure with another
[18]. Alternatively, planar combinations, or more gener-
ally any substructure, can be redefined as a new building
block to simplify notation (see Example 3).
External conditions and perturbations such as pres-
sure, temperature or a magnetic field can be used to con-
trol the properties of a layered assembly. For instance,
pressurization would result in smaller interlayer distances
with direct effect on their interactions and therefore prop-
erties of the assembly [13]. Such effects can be accounted
for as transformations on the entire assembly and they
are not described by the notation.
II. NOTATION
We demonstrate the layered assemblies notation
(‘LAN’) with a number of example structures using three
common single-layer materials as building blocks,
m → G | h-BN | MoS2.
3Symbol Operation Description
/ Stacking The vertical stacking of a layer or layered (sub)structure on another.
@ Rotation The counterclockwise rotation of a layer or layered (sub)structure by
some angle about the stacking direction.
> Translation The in-plane translation of a layer or layered (sub)structure by
some 2D vector.
# Deformation The in-plane deformation of a layer or layered (sub)structure,
associated with homogeneous strain along the in-plane axes.
TABLE I. Description of basic binary operations.
Example 1: The string
MoS2 / MoS2 @ 3.45
describes the case of a bilayer of MoS2 with counter-
clockwise relative twist angle of 3.45◦, which can be
produced by applying the production rules as follows:
S [the start symbol]
→ S / S [after application of production rule 1]
→ S / S @ θ [rule 2]
→ (m / m) @ θ [rule 6]
→ (MoS2 / MoS2) @ 3.45
The leftmost symbol is always the bottom layer (or
substrate). Although the notation ‘MoS2/MoS2@3.45’
is used here to describe a single assembly, when
used in a query the same string matches not only
a twisted bilayer of MoS2 but also structures such
as a twisted bilayer MoS2 on a h-BN substrate (‘h-
BN/MoS2/MoS2@3.45’), a twisted trilayer of MoS2
(‘MoS2/MoS2@3.45/MoS2@2.10’), etc. Likewise, the
string ‘MoS2/MoS2@-3.45’ describes a MoS2 bilayer
with clockwise relative twist angle.
Example 2: The grammar generates the string
(G / G) / (G / G) @ 1.14,
which describes a bilayer of graphene on another bilayer
after rotating the latter by 1.14◦, by applying the
production rules as follows:
S [the start symbol]
→ S @ θ [after application of production rule 2]
→ S / S @ θ [rule 1]
→ (S) / (S) @ θ [rule 5]
→ (S / S) / (S / S) @ θ [rule 1]
→ (m / m) / (m / m) @ θ [rule 6]
→ (G / G) / (G / G) @ 1.14
Example 3: The notation ‘G/G’ can be used to sub-
stantiate the common abbreviation ‘BLG’ for a bilayer
of graphene with the production rules
m→ BLG and BLG → G / G.
When treating the stacking order of layers explicitly is
important, the translation operation is used to describe
the relative shift. For instance, the common AB-stacking
is described by such production rules as
m→ BLGAB, and BLGAB → G / G > aAB, bAB or
BLGAB → GA / GB; GB → GA > aAB, bAB,
with (aAB,bAB) the translation vector from AA- to AB-
stacking order. Likewise, the production rules
m→ tBLG and tBLG → G / G @ θ
associate the abbreviation ‘tBLG’ with a twisted bilayer
of graphene.
III. IMPLEMENTATION
In terms of a computational procedure, the problem
of parsing a string is to find a binary expression tree for
that string describing the operations in constructing a
layered assembly. In many cases a number of equally
valid strings can be written for one assembly. For in-
stance, the string ‘(G/G)/(G/G)@1.14’ can be rewritten
as ‘G/G/G@1.14/G@1.14’. The two binary expression
trees corresponding to the twisted 4-layer assembly of
graphene are shown in Figure 2. Devising an algorithm
for a canonical representation is beyond the scope of this
work, nevertheless one approach would rely on such an
expansion (distribution of operations) to a list of layers
with associated operations as attributes.
Conversely, a string is obtained by printing the symbol
associated with the nodes encountered in a traversal of
the expression tree. By reducing one node at the time,
we gradually progress towards the tree root until when
only the root node remains (the whole process can also be
run recursively starting from the root node). Transversal
of the graph can be used, for example, to:
• convert a given string into a 2D or 3D model of the
corresponding layered assembly,
• prepare input for a physical or virtual measure-
ment, or
• instruct a robotic arm in constructing the physical
structure.
4FIG. 2. Binary expression trees for a twisted 4-layer assembly
of graphene (‘G’). The green, blue, and red fill colors describe
the operators (vertical stacking or rotation), single-layer ma-
terial (graphene), and twist angle, respectively.
Application 1: Imagine a synthesis tool that enables
rapid and precise fabrication of layered materials by as-
sembling the building blocks in a controlled manner like a
press. The sequence of assembly instructions associated
with Figure 2b are:
1. Retrieve a monolayer of graphene
2. Stack layer
3. Retrieve a monolayer of graphene
4. Stack layer
5. Retrieve a monolayer of graphene
6. Rotate layer by 1.14◦ counterclockwise
7. Stack layer
8. Retrieve a monolayer of graphene
9. Rotate layer by 1.14◦ counterclockwise
10. Stack layer
11. Stop
A tree-based representation of layered assemblies
also makes evolutionary approaches and related global
search algorithms suitable for exploring the materials
space [19]. Although a list-based representation in
some cases might be preferable for implementation [10],
the underlying grammar still provides the means for
consistent interpretation and systematic refinements and
derivations.
Application 2: Adopting a functional expression for
scientific workflows, it is written for the band gap, Eg, of
G/G for instance,
Eg[G/G] = 0.
Within the context of materials modeling the above func-
tional expression essentially describes the output of a se-
quential computational workflow linking the preparation
of a structural model for bilayer graphene, the calculation
of its electronic structure, and post-processing to obtain
its band gap.
When one layer is rotated by about 1.1◦, commonly
referred to as the ‘magic angle’, bilayer graphene be-
comes an insulator or a superconductor with flat elec-
tronic bands in the single-particle band structure. These
low-dispersion bands serve as indicators of this emer-
gent physical behavior [3]. For a practical demonstra-
tion, we use next a computational workflow based on a
first-principles tight-binding model to calculate the low-
energy band structures of selected two-, three-, and four-
layer assemblies of extended graphene layers with the
same twist (θ = 1.12◦), shown in Figure 3. These layered
assemblies are:
1. G/G@1.12: a twisted bilayer of graphene (often
referred to in the literature as ‘tBLG’ or ‘TBG’)
[3, 6, 7],
2. G/G@1.12/G: a twisted sandwitched graphene
(‘TSWG’) [16, 20],
3. (G/G@1.12)/(G/G@1.12): an alternating-twist
multi-layer graphene (‘ATMG’) [16], and
4. (G/G)/(G/G)@1.12: a twisted double bilayer of
graphene (‘TDBG’, ‘TBBG’) [21, 22],
which we distinguish and discuss, unambiguously, using
LAN.
The construction of the tight-binding Hamiltonian re-
lies on using maximally localized Wannier functions for
obtaining an exact representation of density functional
theory wavefunctions in a basis set of localized orbitals
[12, 23]. A fully parametrized model for in-plane and
inter-plane pz orbital interactions in obtained, which is
then solved by efficient diagonalization of the systems
Hamiltonian. A detailed presentation of the used method
is provided in Fang et al. [12, 24]. We use 60 points to
sample the Brillouin zone along the direction connecting
the high-symmetry k-points Γ, M, and K. The first step
of the workflow entails the parsing of a given string-based
description into a simple list-based representation for ro-
tations (either 0 or θ) to inform the construction of the
Hamiltonian to be solved. A tree-based representation of
each calculated structure is also provided in Figure 3c.
Although our calculations do not account for atomic
relaxation, they demonstrate the non-trivial effect of the
atomic environment (neighboring layers) of a twisted bi-
layer of graphene, G/G@1.12, on its electronic structure.
In all cases the flat electronic bands are distorted as
more layers are added while keeping θ fixed: compare
for instance the electronic states near the Fermi level (0
eV) between G/G@1.12 and G/G@1.12/G in Figure 3a.
Both G/G@1.12/G and (G/G@1.12)/(G/G@1.12) host
electronic bands which are more disperse because the al-
ternating layers of graphene effectively enhance interlayer
coupling and the ‘magic angle’ instead occurs around 1.5◦
[16, 20]. A distinguishing feature of G/G@1.12/G is a
Dirac cone at the K-point that is very similar to this of
5FIG. 3. a) Low-energy band structures for four twisted (θ = 1.12◦) layered assemblies of graphene (‘G’), obtained using a
tight-binding model. The shaded area marks occupied electronic states. b) Schematic of layered assemblies with exaggerated
twist angle. c) Corresponding binary expression trees (color code follows that of Figure 2).
an isolated graphene layer. A detailed investigation of the
electronic structure of graphene-based layered assemblies
is nevertheless beyond the scope of this work.
IV. CONCLUSIONS
We introduced a notation based on a grammar that
can be used to describe the space of 2D layered mate-
rials from monolayers to twisted assemblies of arbitrary
composition, existent or not-yet-fabricated, and support
the integration of information from first-principles calcu-
lations to fabrication and characterization. Each layered
assembly is treated as a design, which is described by a
string that codifies a sequence of vertical stacking and
other operations on 2D building blocks. Using the no-
tation, common abbreviations in the pertinent literature
are substantiated.
Most importantly, this work contributes to the system-
atic codification, capture and transfer of materials knowl-
edge in the area of 2D layered materials. The notation
relies on rigorous definitions which can be refined in a
systematic fashion. Being domain-generic, it facilitates
the integration of information from theory, computation
and experiment, while derivations tailored for particular
knowledge domains, for instance, theoretical modeling
or synthetic work, should improve its descriptive power
within these domains.
Finally, calculations of selected twisted layered assem-
blies of graphene based on a tight-binding model demon-
strate the non-trivial effect that the atomic environment
can have on a neighboring layer. This invites a high-
throughput approach to systematically search the mate-
rials space, and the use of flexible notation such as LAN
for cataloguing it. Such an extended and detailed inves-
tigation is the focus of on-going work.
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